The results of a microstructural investigation on Alloy 625 which has undergone prolonged service at temperatures close to but less than 600" C are reported in this paper. A uniform distribution of precipitates of an intermetallic phase, Ni,(Cr,Mo) with Pt,Mo type structure has been observed in addition to that of the y" phase for service periods exceeding 28,000 h. The Ni,(Cr,Mo) phase has been found to dissolve on ageing at temperatures above 600" C. The dissolution of this phase has been noticed to result in a reduction in hardness and impact properties of the alloy. The occurrence of Ni,(Cr,Mo) phase in this alloy has been discussed by taking the alloy chemistry into consideration.
Introduction
Alloy 625 is a nickel base superalloy which has found extensive use in the petrochemical and the aerospace industries and in many marine engineering applications. Although the alloy was originally designed as a solid solution alloy, it has subsequently been shown that the precipitation of intermetallic phases occurs in it during ageing treatments or during service at temperatures in the range of 600" C to 750°C [I] . Unlike the majority of precipitation hardenable nickel base alloys in which strengthening is brought about mainly by precipitates of the metastable y1 or Ni,(Al,Ti) phase (ordered cubic L12 structure), in Alloy 625 precipitation hardening is caused primarily by precipitates of the y" or Ni,(Nb, Al, Ti) phase which has the ordered, body centred tetragonal DO,, structure [2] . This metastable phase precipitates on ageing at temperatures above 600" C. The equilibrium intemietallic phase that forms in this alloy is the orthorhombic 6 or Ni, (Nb,Mo) phase (DO, structure) [2, . This phase can form directly from the supersaturated solid solution on ageing at relatively high temperatures. Prolonged ageing at relatively low temperatures also causes the precipitates of the metastable y" phase to be replaced by those of the equilibrium 6 phase [6, 9] .
The microstructure that develops in this alloy after ageing or service for very long periods and the effect of such a microstructure on its mechanical properties have been investigated by a few researchers in the recent years. Radavich and Fort [9] have studied the microstructure of Alloy 625 after ageing in the temperature range of 650 "C to 870°C for up to 46000 h.by scanning electron microscopy (SEM) and x-ray diffraction (XRD). Thomas and Tait [lo] have examined the microstructure and the mechanical properties of the alloy after it had seen long-term service (about 50000 h) at temperatures of around 500" C as the material of construction of feed stock superheaters in a petrochemical plant. They have found that on being subjected to this treatment the alloy hardens significantly but its ductility and toughness at room temperature and weldability show a conspicuous deterioration. However, short ageing treatments in the temperature range of 650" C-700" C result in a considerable reduction in hardness and increase in toughness. Transmission electron microscopy (TEM) of specimens obtained from the post-service material has revealed the presence of extra reflections in <001> zone selected area diffraction (SAD) patterns in addition to the reflections corresponding to the austenite and the y" phases. They have attributed these additional reflections to "a commensurate superstructure in the matrix, the origin of which is unknown". Bajaj et a1 [ l 11, in their study on the precipitation behaviour of Alloy 625 exposed at 360" C to a fluence of 2.3 ~1 0 '~ neutrons 1 cm', have observed the precipitation of a new phase showing SAD patterns similar to that observed by Thomas and Tait[lO] and identified its structure to be of the Pt,Mo type; they have tentatively assigned the composition Ni,(Nb,Mo) to this phase. Sundararaman et a1 [12] in an earlier study of Alloy 625 exposed to 70000 h identified the precipitation of a phase with PtzMo structure and Niz(Cr,Mo) composition.
The present paper reports the results of a microstructural characterisation study carried out on Alloy 625 exposed to service temperatures close to but lower than 600" C for different periods of time. The effect of post service ageing treatments on hardness and microstructure of the alloy is also described. In addition, the nature of grain boundary carbide precipitates has been studied and their role on the performance, properties and life of Alloy 625 has been discussed. Variation of Hardness as a function of post service heat treatment.
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Experimental Procedure
The Alloy 625 specimens examined in this work were obtained in the form of thin slices from tubes which had seen service for periods from ranging from 28,000 h to 70000 h at temperatures close to but not exceeding 600" C. Prior to being put into service the alloy was heat treated at 1000" C for 1 h and subsequently air cooled. The chemical composition of the alloy is shown in Table I . Post service heat treatments of the alloy are given in table 11.
The slices were ground to about 0.10 -0.15 mm thickness for making specimens for TEM examination. Discs of 3 mm diameter were punched from these foils and electron transparent samples were prepared from the discs by the dual jet electropolishing technique, using an electrolyte containing one part of perchloric acid and four parts of ethanol. Electropolishing was carried out at about 20 volts and the electrolyte temperature was maintained in the range of -25 to -30" C. The thin foils so prepared were examined in a JEOL JEM 2000FX TEM with an energy dispersive spectrometer (EDS) attachment.
Electron diffraction analysis, in conjunction with dark field imaging, was used for the identification of the different phases present in the specimens. The compositions of some of these phases were found by EDS, the data obtained being analysed in accordance with the standard Cliff -Lorimer approach [ I 31 . The relative elemental concentrations were determined by using the K,,, values obtained experimentally from binary nickel alloys of known compositions.
Results
Hardness
The hardness values of solution annealed, long term(-70000 h) serviced and post-service aged samples are given in table 11. It is clear from the table that post service heat treatment has resulted in a softening of alloy but not to the level of the as received material in the solution annealed condition. These results are explained in the discussion section on the basis of microstructural observations.
Pre-service Microstructure
The typical microstructure of the alloy, after being subjected to a heat treatment at 1000" C for 1 h and prior to being put into service, is illustrated in Fig. 1 . Except for some randomly distributed blocky precipitates (which were identified by selected area diffraction (SAD) to be of MC and M,C type carbide phases) the microstructure consisted only of austenite grains. The carbide particles were not found to obey any specific orientation relationship with the austenite matrix. A high density of dislocations, distributed uniformly within the matrix, was another noticeable feature of the microstructure.
Post-service Microstructure
The typical microstructure of the alloy after about 70000 h of service at temperatures less than but close to 600°C is shown in Fig. 2 . It could be seen that extensive precipitation had occurred in the alloy, within the austenite grains as well at the grain boundaries, during service. The superlattice reflections at 113 (220) positions in the SAD pattern in Fig. 2a could be ascribed to variants of the phase with the PtzMo type structure. All the six variants of this phase could be identified from superlattice reflections corresponding to them and also by obtaining dark field images of precipitates belonging to these variants. A typical dark field image of one such variant is shown in Fig. 2d . While a majority of these precipitates appeared to have a snowflake like morphology, some of the smaller particles had an ellipsoidal morphology. The precipitate size exhibited quite a large variation, ranging from about 30 nm to about 300 nm. EDS analysis was carried out on a number of precipitates of this phase with the Pt,Mo structure to determine their chen~ical con~position. The X-ray spectra obtained indicated that the precipitates contained only nickel, chromium and molybdenum as the major components. The average precipitate composition, computed from the results of EDS analysis of ten particles, is tabulated in Table 111 . It could be seen that the nickel content of the PtzMo type phase was quite close to that of the matrix while its chrorni~~m and molybdenum contents were relatively higher, the molybdenum enrichment being quite substantial. The composition of this precipitate phase corresponded to a Niz(Cr,Mo) stoichiometry.
Apart from the superlattice reflections corresponding to the y" phase and the orthorhombic phase with the Pt,Mo type structure, additional reflections appeared at 113 (200) positions as well in <001> zone axis SAD patterns obtained from some regions of the matrix (Fig. 3a) . Carbide phases of M,C and M2,C, types could give rise to these reflections. A typical DF image taken with the 1 /3(200) reflection is shown in Fig. 3b . The number density of these carbide particles was not large and they were generally much smaller in size as compared to the precipitates of the orthorhombic phase. EDS analysis of carbide particles located inside the austenite grains revealed that the metallic species present in these particles comprised only nickel, chromium and molybdenum, the concentrations of the three being nearly equal (Table 111 ). In their studies on the chemical compositions of carbide phases in Ni-Cr-Mo alloys, Raghavan et al. [14] have found that M,C type carbides can dissolve significant amounts of nickel and chromium. In view of this observation it appeared that the carbide precipitates occumng within the austenite grains were of M,C type. It may be mentioned here that precipitates of both the carbides and the phase with Pt,Mo structure showed up in DF imaging with 113 {220) reflections because of the overlapping of superlattice reflections from the two phases at the 113{220} positions. The carbide particles obey a cube-to-cube orientation relationship with the austenite matrix [5, 14] . In addit~on to the intermetallic and the carbide precipitates, a uniform distribution of dislocations was observed in the matrix (Fig. 4) . Imaging of these dislocations using the weak beam technique revealed that some of them appeared to have dissociated into partials. The visibility of dislocations along their complete length suggested that the carbide particles within the austenite grains had not precipitated heterogeneously on dislocations.
A near continuous film made up of discrete carbide particles was found to have formed at the austenite grain boundaries. A typlcal micrograph corresponding to a sample which had seen 50000 1 1 of service is shown in Fig. 5 . SAD patterns obtained from the grain boundary carbide precipitates indicated the presence of M,,C, as well as of M,C phases. These particles exhibited a cube-to-cube onentation relationship with the adjacent matrix. In order to identify the nature of carbide particles at the grain boundaries, EDS analysis was performed on a large number of such particles. These particles were identified to be of M,C or M,,C, phases by following the procedure described by Raghavan et a1. [14] . On the basis of this analysis, about 75% of the grain boundary carbides was found to be of the M2,C, type. The average composition of the carbides obtained is listed in Table  111 . y" precipitate free zones (PFZ) were noticed around a few grain boundaries. The composition profile across the boundary was obtained in order to find out the possible explanation for the occurrence of these y" denuded zones. A representative example is given in Fig. 6 . A slight molybdenum and chromium depletion could be observed near the PFZ and a small reduction in nickel concentration from the average value could be noticed only on the carbide precipitates. The concentration of other elements upto the grain boundary carbides was very close to the average matrix composition and hence is not plotted in the figure.
Effect of Heat Treatment on Post-Service Microstructure
In order to examine the effect of short duration heat treatments at temperatures significantly higher than the service temperature on the post-service microstructure, some sampIes from the post-service niaterial were aged in the temperature range of 600" C-700" C for different periods of time. The details of the heat treatments are given in Table 111 . SAD patterns obtained from most of the regions of these samples contained superlattice reflections corresponding only to the y" phase (Fig. 7a) . Spots at 113 (220) positions could be observed in [001] zone axis SAD patterns from a few regions. However, in all these patterns superlattice spots were invariably found to occur at 1/3{200j positions also. These patterns could arise from M,C or M,,C, type carbide phases. These observations suggested that the post-senrice heat treatments led to the dissolution of the precipitates of the Ni,(Cr,Mo) phase. DF imaging with (100) reflections showed a uniform distribution of y" preclpitaies (Fig. 7b) . The number density of these particles did not appear to have been affected significantly by the heat treatments. The average precipitate size was estimated to be 22 * 6 nm, which was approximately the same as that measured in the post-service microstructure. No change in size, morphology or density of carbides precipitated at the grain boundaries was observed after the post-service heat treatments.
Discussion
Precipitation of y" Phase
Precipitation of y" the phase in Alloy 625 on ageing at temperatures in the range of 600" C-750' C and the conconlitant age hardening effect are well studied [ l , 3-81. However, controlled laboratory experiments aimed at examining y" phase precipitation in this alloy at ageing temperatures lower than 600" C does not appear to have been carried out. Bajaj et al. [I 11 have observed that during ~rradiation by neutrons at 360' C in the reactor, the y" particle size reduces to half its original value ~ndicating that some dissolution occurrs during irradiation. Thomas and Tait [lo] have observed the presence of y" precipitates in Alloy 625 samples obtained from a feed stock superheater which had been in service for approxin~ately 50000 h at temperatures close to 500°C. They have reported that the number density of the precipitates decreases significantly on subjecting this material to a heat treatment at 700" C for 12 h. As mentioned earlier, profuse precipitation of the y" phase had occurred in the alloy after 28000 h of service at temperatures close to but lower than 600°C. Postservice heat treatment did not bring about any significant change, either in the number density or in the average size of the y" precipitates. It could be inferred, therefore, that the contributions made by the y" precipitates to the strength of the alloy before and after this heat treatment were not much different. Keeping in view the TEM results presented by Thomas and Tait [lo] , it appears that the enhanced strength and the reduced toughness exhibited by the alloy after prolonged service at intermediate temperatures (-500" C) can largely be attributed to the precipitation of the Niz(Cr,Mo) phase.
Precipitation of Ni,(Cr, -Mo) phase
The TEM investigations study carried out by present authors[l2] and Bajaj et a1 [I llhave clearly demonstrated that precipitates of a phase with a Pt,Mo type structure formed in Alloy 625 on very long exposure to temperatures up to about 600" C. The occurrence of such a phase on prolonged ageing at temperatures below 600" C has been observed in quite a few chromium-and molybdenumbearing nickel-base alloys such as Hastelloy C, Hastelloy C 276, Hastelloy C4 [15] and Hastelloy S [16] which contain about 60 wt% nickel and 14-16 wt% each of molybdenum and chromium. Alloy 625 contains about 62 wt % nickel, 21 wt% chromium and 9 wt% molybdenum and thus its base con~position is very close to those of some of the Hastelloys. It was not surprising, therefore, that a Pt,Mo type phase which was shown to correspond to a Ni,(Cr,Mo) stoichiometry, formed in Alloy 625 on extended intermediate temperature service.
In the binary nickel-chromium system, the Ni,Cr phase, which has a Pt,Mo type structure, is known to fornl in the composition range of 25-36 at.% chromium as an equilibrium phase; the orderdisorder transition temperature of this ordered phase is 590" C [17] . In the binary nickelmolybdenum system an ordered phase with Ni,Mo stoichiometry and PtzMo type structure has been reported to form as a metastable phase [18] . Ternary chromium additions to nickel-molybdenum alloys tend to stabilise this phase. In Haynes Alloy 242, containing 25 wt% molybdenum and 8 wt% chromium, a Ni,(Cr,Mo) phase (Pt2Mo type structure) has been found to precipitate on ageing at temperatures up to 750°C [19] . In view of the similarity in the base compositions of Alloy 625 and of some of the Hastelloys, it would not be unreasonable to assume that the Ni,(Cr,Mo) phase would not be stable in Alloy 625 at temperatures much in excess of 600" C. It was indeed observed in the present work that heat treatment at temperatures above 600" C led to a complete dissolution of the pre-existing precipitates of this phase which had formed during extended service at temperatures below 600" C.
The Ni,(Cr,Mo) precipitates which form in Hastelloys [15, 16] and in Haynes Alloy 242 [19] have been reported to have an ellipsoidal morphology with (1 10) type habit planes. As a consequence of this, the superlattice spots corresponding to this phase show streaking along <110> directions in SAD patterns. No such streaking of Ni,(Cr,Mo) superlattice spots was observed in the present work, indicating that the precipitates of this phase which formed in Alloy 625 did not grow preferentially along any specific direction. They exhibited a snowflake like morphology rather than an ellipsoidal n~orphology. Investigations on Hastelloys [15, 16] have shown that a conspic~~ous increase in yield strength occurs consequent to ageing treatments at temperatures up to 600" C which produce a uniform distribution of fine particles of the Ni,(Cr,Mo) phase. That precipitation of this phase occurs in Alloy 625 also on prolonged exposure to temperatures below 600" C was clearly demonstrated in the present work.
Precipitation of carbides
The results of this investigation clearly showed that profuse carbide precipitation occurs at grain boundaries in Alloy 625 during prolonged service. EDS analysis of the carbide particles indicated that the dominant grain boundary carbide forming is the chromium rich M2,C6. This result 1s in agreement with the observations reported in the literature [5,1 I] . Carbide precipitation at grain boundaries resulted in the formation of y" precipitate free zones (PFZ) at some boundaries.
Composition profiles obtained across such boundaries presented in the present investigation indicated that apart from molybdenum and chromium, none of the other pertinent elements showed any appreciable reduction in concentration from the average composition at the precipitate free zones. Raghavan et al. [14] have demonstrated by EDS analysis that the formation of M,,C, precipitates is associated with chromium and molybdenum depletion in the matrix while the precipitation of M,C carbides causes molybdenum depletion near them. Unlike in the case of Alloy 71 8 [20] , no reasonable explanation could be provided for the formation of PFZ in the present case.
The zones denuded of y" precipitates near the grain boundaries could generally occur due to solute or tPacancy depletion. Since the misfit between the matrix and the M,,C6 and M,C phases was not large. the vacancy depletion mechanism could not have been the one operating. It was possible that depletion of one or more solutes near the carbide particles could lead to an enhancement in the solubility of intermetallic phases in these regions, thereby resulting in the formation of PFZs. More detailed studies are warranted to understand the exact mechanism for the formation of PFZ in this alloy. It has been observed that increased grain boundary precipitation results in a reduction in the ductility of the alloy and the fracture mode changes from transgranular to intergranular [20] . This fact has been correlated with the increased precipitation and formation of near-continuous carbide layers at grain boundaries. When the carbide particles are very closely spaced, forming a nearcontinuous film, the distances separating the mlcrocracks would be very small and they could easily join up to facilitate intergranular fracture. The results of the present investigation and those reported earlier [ I 01 demonstrated that the hardness of the alloy decreased after post-service heat treatments. Thomas and Tait [lo] have observed that the toughness of the alloy has improved after post-service heat treatment. On the basis of all these facts, one could reasonably conclude that though carbide precipitation at grain boundaries brings about some reduction in ductility of the alloy, the loss of toughness is mainly associated with the combined precipitation of the y" and Ni,(Cr,Mo) phases.
On the basis of post-service heat treatment experiments, Thomas and Tait[lO] have chosen a suitable on-line heat treatment to dissolve the Ni,(Cr,Mo) phase and this treatment leads to a considerable improvement in the life of the superheaters.
Conclusions
On the basis of the present investigation on the microstructure produced in Alloy 625 after prolonged service at temperatures close to but below 600" C as well as after post-service heat treatments, the following conclusions could be drawn:
Uniform intragranular precipitation of two intermetallic phases -the y" phase and a Ni2(Cr,Mo) phase -occurred in the austenite matrix, there being three variants of the former and six variants of the latter precipitate species.
The y" precipitates had an ellipsoidal morphology while the Ni,(Cr,Mo) precipitates exhibited a predominantly snowflake like morphology, the average size of both being quite small.
The Ni,(Cr,Mo) precipitates disappeared almost completely on subjecting the alloy to heat treatments above 600" C for short durations, with a concomitant reduction in the hardness of the alloy. This suggests that the Ni,(Cr,Mo) phase is not stable at temperatures somewhat in excess of 600" C in Alloy 625 and that its precipitation hardens this alloy.
A near continuous layer of carbide particles, predominantly of the M,,C, type fbrrned at the austenite grain boundaries. Carbide precipitates occurring at intragranular locations were mainly of the M,C type.
A slight reduction of chromium and molybdenum at PFZs near grain boundaries could be observed. More focussed studies is necessary to understand the formation of PFZs in this alloy.
